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Investigations of the interactions which occur between viruses and preimplantation mammalian embryos are important because they may contribute to an understanding of the processes by which certain maternal viral infections during early pregnancy induce embryonic death or abnormal development (5, 11) . The inaccessibility of the preimplantation embryo to direct observation, however, limits studies which can be done in vivo and necessitates the use of in vitro techniques. Although methods for cultivation of preimplantation mammalian embryos in vitro have been available for many years, relatively few studies of the effects of virus exposure on embryos at this early stage of development have been reported. By inoculating cultures of two-cell mouse embryos with the mengo strain of encephalomyocarditis virus, Gwatkin (6) (7) (8) first demonstrated that viral exposure may result in arrest of cleavage and degeneration of blastomeres. Exposure of eight-cell mouse embryos to adenovirus type 5 was reported by Chase et al. (4) to arrest cleavage within one cell cycle and Tuffrey et al. (22) noted that when fertilized ova for egg fusion experiments were obtained from mouse colonies where infection with parainfluenza virus type 1 was prevalent, early degeneration of the ova occurred in vitro. In contrast to these reports of injurious effects of viral exposure on fertilized ova and early embryos, Berkovich (2) observed that exposure of fertilized rabbit ova to herpes simplex virus type I in vitro had no effect on subsequent cleavage. Similarly, Sawicki et al. (19) and Baranska et al. (I) using SV-40 and Moloney sarcoma viruses, Biczysko et al. ( 3) using SV-40 and polyoma viruses, and Mohanty and Bachman (16) using minute virus of mice reported that exposure of two-cell mouse embryos to these viruses did not interfere with cleavage and blastocyst formation in vitro. To extend these observations on the interactions between viruses and early embryos, the capacity of two-cell mouse embryos to undergo cleavage and blastocyst formation in vitro after exposure to a spectrum of viruses was determined. Viruses tested included strains from the enterovirus, myxovirus, paramyxovirus, herpesvirus, and adenovirus groups and rubella virus. The effect of exposure of embryos to interferon, a product of viral infection, was also tested.
MATERIALS AND METHODS

PREPARATION OF VIRUS STOCKS
Virus stocks were prepared in cell monolayer cultures or in 10-day embryonated chick eggs as indicated in Table I . Uninfected cultures or uninfected eggs served as controls. Cells and fluids were harvested from both infected and control cell cultures and allantoic fluids were collected from infected and control eggs. Cell suspensions were centrifuged at 2000 RPM for 10 min, the supernatant fluids were saved, and the precipitated cells, suspended in a small amount of medium, were disrupted by freezing and thawing 3 times. The suspensions of disrupted cells were centrifuged at 2000 RPM for 10 min, the precipitated buttons of cellular debris were discarded, and the fluids were added to the previously saved supernatant culture fluids, Virus stocks were titered and control fluids were reinoculated into cell cultures to insure that they had not become contaminated by the viruses to be tested. Control fluids, therefore, were identical to virus stocks except that they did not contain virus. In the case of viruses grown in the allantoic sacs of embryonated eggs, allantoic fluids from uninfected eggs served as control fluids.
Virgin female CAW:CF#I mice, 8-wk-old, were superovulated by injection of two units of pregnant mare serum gonadotropin 48 hr before mating and two units of human chorionic gonadotropin just before mating with a male of the same strain. Embryos at the two-cell stage of cleavage were harvested 48 hr after mating by flushing the oviducts with Whitten's egg culture medium (23) according to the method described by Rafferty (18) . Immediately after being flushed from the oviduct, two-cell embryos were placed in rubber stoppered glass test tubes containing 1.0 ml of Whitten's medium. Each tube culture contained 10-15 embryos and each experiment included three tube cultures. One culture was inoculated with 0.1 ml of a 1:10 dilution of virus stock in Whitten's medium, one culture with 0.1 ml of the same dilution of the control fluid corresponding to the virus preparation, and the third culture served as an uninoculated control. The amount of virus in each inoculum is shown in Table 2 . After inoculation, all tube cultures were equilibrated with a mixture of 5% carbon dioxide, 5% oxygen, and 90% nitrogen and were incubated at 37'. Pro- gression of cleavage was observed daily with an inverted microscope and after 72 hr in culture (5 days after mating), the proportion of embryos which had developed to the blastocyst stage was determined for each culture. Because blastocyst formation in vitro can be inhibited by a variety of unfavorable environmental conditons, an experiment was considered to be valid only if blastocyst formation occurred in at least 60% of the embryos both in the uninoculated culture and in the culture inoculated with control fluid. Approximately 25% of the experiments performed were discarded because of failure to meet this criterion.
TECHNIQUE FOR RECOVERY OF VIRUSES FROM EXPOSED
EMBRYOS bottomed microtiter plates to detect viral infection in exposed embryos. Indicators used to detect infection are listed in Table I .
ULTRAVIOLET INACTIVATION OF COXSACKIE VIRUS TYPE 8-4
Aliquots of the stock preparation (2 ml) of Coxsackie virus type B-4 or control fluids were placed in 35 x 10 mm plastic petri dishes and irradiated with ultraviolet light (4800 pW/em2) for 20 min. Irradiated virus was shown to be inactivated by its failure to produce cytopathic effects (CPE) after inoculation into primary African green monkey kidney (AGMK) monolayer cultures.
INTERFERON At the conclusion of each experiment, embryos from virus
Mouse interferon with a potency of 12,000 units/ml by vesicular inoculated cultures were collected, washed three times in 1.0 ml of stomatitis virus plaque reduction assay was obtained from the Hank's balanced salt solution (lo), and frozen and thawed three Research Resources Branch of the National Institute for Allergy times in 1.0 ml of Whitten's medium to disrupt the blastomeres and Infectious Diseases. Inactivated interferon was prepared by and release any intracellular virus present. Aliquots of this sus-autoclaving this material at a pressure of 10 Ib/sq in for 10 min. pension of cell contents and debris, 0.1 ml, were then inoculated Embryo cultures were inoculated with 24 units of interferon into appropriate cell cultures growing in the wells of plastic flat contained in 0.1 ml aliquots in the same manner as described for viruses. Control cultures were inoculated with an equivalent amount of inactivated interferon.
RESULTS
The proportions of two-cell embryos which developed to the blastocyst stage in uninoculated cultures and in cultures inoculated with control fluids or viruses are shown in Table 2 . Inoculation of embryo cultures with control fluids frequently resulted in statistically significant reductions in blastocyst yields when compared with uninoculated cultures. Assessment of the effect of virus exposure, therefore, was always made by comparison of blastocyst yields in virus inoculated cultures with yields in cultures inoculated with control fluids. Exposure of embryos to Coxsackie viruses types B-4 and B-6 (Cox B-4 and Cox B-6), reovirus type 2, influenza virus type A, mouse cytomegalovirus (MCMV), adenovirus type 5, and mouse adenovirus resulted in inhibition of blastocyst formation. In embryos exposed to these viruses, cleavage proceeded normally to the 8-16 cell stage, but was arrested at that point in development in a statistically significant proportion of embryos (Table 2) . No degeneration of blastomeres occurred in these embryos during the period of observation except in embryos exposed to Cox B-4. These embryos degenerated rapidly after reaching the eight-cell stage. Figure I A-F compares the development of blastocysts in a culture inoculated with control fluid with the arrest of cleavage and degeneration of blastomeres which occurred consistently in cultures inoculated with Cox B-4. To determine that these effects were related to exposure to live virus and not to some toxic product of viral replication contained in the inoculum, the effects of exposure to live and ultraviolet inactivated Cox B-4 on blastocyst formation were compared. Table 3 demonstrates that blastocyst formation was unaffected by exposure of two-cell embryos to inactivated Cox B-4, whereas, in companion cultures inoculated with live virus, this process was completely inhibited.
Herpes simplex viruses types 1 and 2 (HSV-I and HSV-2) did not interefere with blastocyst formation to a statistically significant degree ( Table 2 ) and no degeneration of blastomeres was observed in embryos exposed to these viruses. As a marker of virulence of the HSV-I or HSV-2 being used and to ensure that embryos were in constant contact with virus, additional experiments were conducted in which two-cell embryos were cocultivated with primary monolayer cultures of AGMK cells which were then immediately infected with HSV-I or HSV-2. Cytopathic effects characteristic of HSV-I or HSV-2 promptly appeared in the cell monolayers, but there was no inhibition of blastocyst formation and no cytopathic changes were observed in the developing embryos ( Fig.  2A-D) .
Attempts were made to recover Cox B-4, Cox B-6, HSV-I, HSV-2, influenza virus type A, and attenuated poliovirus type 2 from exposed embryos after 4 days in culture. Virus was occasionally recovered from embryos exposed to Cox B-4, but attempts to recover the other viruses from exposed embryos were unsuccessful.
In experiments on the effect of exposure to interferon, no statistically significant differences in the proportions of embryos forming blastocysts were demonstrated among cultures inoculated with mouse interferon in a concentration of 24 units/ml of culture fluid, cultures inoculated with equivalent amounts of heat inactivated interferon, and uninoculated embryo cultures (Table 4) .
DISCUSSION
These investigations demonstrate that development of the preimplantation mouse embryo in vitro is susceptible to arrest by exposure to certain viruses. This arrest is presumed to be the result of viral replication in embryonic cells. Attempts to recover six of the viruses tested from exposed embryos, however, were successful only with Cox B-4 which was detected only in undiluted suspensions of embryonic cells. Failure to detect viruses more readily may be related to the relatively small number of virus-exposed embryonic cells which are available for culture in this experimental system. Other investigators have reported the recovery of SV-40, Moloney sarcoma virus, and minute virus of mice from varying proportions of exposed preimplantation embryos (1, 16, 19 ), but quantitation of the amount of virus present was either not attempted or was unsuccessful because virus could be detected only in undiluted suspensions or homogenates of embryonic cells. Any dilution for the purpose of quantitation resulted in negative tests for virus (16) . Gwatkin and Auerbach (9) in studies of the replication of encephalomyocarditis virus in fertilized mouse ova concluded that viral replication in early mouse embryos was much less efficient than in primary cultures of mouse fibroblasts. Thus, the amount of virus produced by replication in exposed preimplantation embryos may be small and may require more sensitive methods such as fluorescent or electron microscopy for its detection.
The possibility that arrest of cleavage by some viruses is related to toxicity of viral protein and not to viral infection of embryonic cells must also be considered. In the case of Cox B-4, cleavage arrest was shown to be related to infectivity, because virus that was rendered noninfectious by ultraviolet irradiation did not inhibit blastocyst formation. The lack of significant toxicity can also be assumed for those viruses that had no effect on cleavage. The possible role of toxicity in the inhibitory effects on cleavage demonstrated for the other viruses in this study will require additional investigation.
An important aspect in which this study differs from others on the effects of viral exposure on embryonic development in vitro is the inclusion not only of uninoculated control cultures of embryos, but also of control cultures inoculated with fluids from the same batch of cell cultures or embryonated eggs used to prepare the virus stocks. Inoculation of embryo cultures with control fluids for 7 of the 14 viruses tested resulted in statistically significant reductions in blastocyst yields when compared with uainoculated cultures. These reductions were probably related to the presence of inhibitory products of cell metabolism in the control fluids and presumably, therefore, in the virus stocks. The possibility, however, that these reductions resulted from the effects of undetected adventitious agents in the control fluids must also be considered. Although control fluids were reinoculated into the cell lines in which they were prepared to insure that they had not become contaminated by the & u s e s being tested, adventitious agents may have escaped detection by this procedure. Whatever the nature of this inhibition of blastocyst formation by some control fluids, the inclusion of this type of control is essential to distinguish reduc-tions in blastocyst yields caused by extraneous factors from reductions caused by interactions between embryos and the viruses being investigated.
The demonstration by the present study that viral exposure of the early embryo in vitro inhibits cleavage and blastocyst formation suggests a mechanism to explain the reproductive failure associated with some maternal viral infections in early pregnancy. Among the factors determining whether this virus effect occurs in vivo, however, is the ability of a virus to reach the embryo at this stage of development. Because contact between virus and embryo during the preimplantation stage of gestation cannot take place by the transplacental route, access to the embryo at this stage probably requires viral invasion of the tissues of the maternal reproductive tract. Whether exposure of early embryos by this route occurs in vivo can be surmised for several of the viruses tested in this study by comparing the responses of mouse embryos observed after exposure in vitro with reports on the effects of viral inoculation of the female mouse in early gestation on the outcome of pregnancy in vivo. The finding of Hassan and Cochran (12) , for example, that pregnancy failed to occur in otherwise healthy female mice that were inoculated with reovirus type 1 within 3 days after mating suggests that reoviruses reach the preimplantation embryo and produce reproductive failure by arrest of cleavage. In contrast to these findings with reovirus, inoculation of female mice with coxsackievirus B-3 just before mating was reported by Soike (21) to have no effect on the outcome of pregnancy, although inoculation later in pregnancy produced transplacental infection and fetal wastage. The discrepancy between this observation in vivo and the finding in the present study that exposure of preimplantation embryos to Cox B-4 and Cox B-6 in vitro results in arrest of cleavage suggests that contact between group B Coxsackie viruses and embryos does not occur during early development in the mouse.
In studies of MCMV infection during pregnancy Medearis (15) and Johnson (13) found that despite extensive fetal wastage, intrauterine infection did not occur. Johnson demonstrated by direct inoculation of mouse embryos, however, that they were susceptible to infection. Neighbour (17) found that MCMV infection caused uterine inflammation and failure of implantation, but that preimplantation embryos harvested from infected mice developed into normal blastocysts in vitro. Thus, although the mouse embryo is susceptible to infection and, as shown in the present study, to developmental interference by MCMV, viral exposure of the embryo does not occur in vivo and reproductive failure is a~~a r e n t l v the result of viral effects on maternal tissues. In human 1 1 cytomegalovirus disease, however, fetal infection is frequent (5, 1 I) and viral interference with blastocyst formation is a possible cause of abnormal development. Type A influenza virus is another example of a potentially embryopathic virus which apparently does not reach the mouse embryo. In a study in vivo, it was found by Siem et al. (20) that although the pregnancy rate was reduced in female mice inoculated within 7 days after mating, influenza virus could not be detected in the uterine horns. Again, despite its embryopathic potential, the effects of this virus on early development in the mouse appear to be indirect and mediated through effects on the mother.
The failure of HSV-I and HSV-2 to interfere with cleavage or blastocyst formation in vitro despite their known virulence for suckling and adults mice in vivo, shows that the response of the suckling or adult host to infection is not reliably predictive of the effect of viral exposure on the early embryo. In this study, however, embryonic development was observed only through-blastocyst formation. Additional investigations involving transfer of virus exposed embryos to uteri of pseudopregnant recipients to permit continuation of development in vivo might result in detection of virus induced defects which may be present, but inapparent at the blastocyst stage. This technique could also be applied to studies of other viruses which show no effect on embryos in vitro.
The effect of exposure of embryos to interferon was tested because this product of viral infection has been reported to interfere with cell division (14) . Although no effect was demonstrated with a concentration of interferon of 24 units/ml in culture fluids, tests with higher concentrations are required before it can be concluded that cleavage in early embryos is unaffected by interferon.
